Organic polymer nanoparticles have been gaining attention in photovoltaics as a means to control the morphology of polymer composite films for the purpose of studying bulk heterojunction, photoactive layers. This work investigates the preparation of nanostructured organic thin films from P3HT:PC 61 BM nanoparticles and their characterization as photoelectrodes for the photoelectrochemical reduction of hydrogen in acidic solutions. The morphology and optoelectronic properties of the nanostructured photocathodes are compared to conventional, solution-cast thin films of P3HT:PC 61 BM. The nanostructured photoelectrodes provide increased surface area compared to solution-cast films through control of the nanoscale morphology within each nanoparticle, leading to enhanced P3HT:PC 61 BM phase segregation. The photo-assisted deposition of platinum nanoparticles as hydrogen evolution reaction (HER) catalysts onto the nanostructured P3HT:PC 61 BM photocathodes facilitates the photoreduction of protons to H 2 .
D r a f t

Introduction
Over the past two decades, organic photovoltaic (OPV) devices have generated much interest as solar energy conversion efficiencies for single junction solar cells have exceeded
10%;
1-4 while efficiencies of multi-junction cells have exceeded 13%. 5 Moreover, growing attention is being paid to the investigation of organic π-conjugated polymers as photocathodes in solar-driven water splitting devices. Photoelectrochemical (PEC) water splitting is considered by many to be a clean, sustainable and viable method of hydrogen production. in the electrolyte to hydrogen gas. To balance this process, a counter electrode is used, where water is oxidized to oxygen gas and protons. The electrons withdrawn at the counter electrode as a result of water oxidation travel through the external circuit and recombine with the holes, from the polymer domain, at the active layer/substrate interface, thus completing the circuit.
The aqueous photoelectrochemical activity of organic semiconducting polymers was demonstrated with poly(3-hexylthiophene) (P3HT) two decades ago. 10 For instance, high aspect ratio nanowire electrodes are able overcome charge transport constraints of planar electrodes by minimizing the exciton diffusion path length to the semiconductor/electrolyte interface, so that photogenerated holes and electrons can be efficiently separated prior to their recombination. 21 Nanoholes have been integrated into 20
µm-thin Si electrodes and decorated with Pt nanoparticle catalysts. 22 The high photocurrent densities achieved using these structures (23 mA/cm 2 (RHE) is attributed to the antireflective properties of the nanoholes, which increases light absorption in the thin electrodes, as well as increasing the charge transfer kinetics due to suppression of surface recombination. Recently, nonprecious-metal catalysts were deposited onto pyramidally, nanotextured silicon substrates, 23 and the enhanced interfacial electrode area used to increase the amount of catalytic sites accessible for the hydrogen evolution reaction, yielding photocurrents of 12 mA/cm 2 .
Organic semiconducting polymers have the distinct advantage over inorganic counterparts in that they can be cast from simply-prepared polymer solutions. However, when cast, they typically form smooth, uniform films leading to an electrode surface area that is similar to the geometric area of the substrate onto which the film is cast. Drawing from strategies used in the PEC studies of inorganic films it ought to be possible to increase the surface area of the polymer film by adopting a nanoparticle approach to film formation.
Nanoparticles of P3HT and P3HT:PC 61 Although surfactant-stabilized nanoparticles of P3HT:PC 61 BM have been shown to be smaller than the surfactant-free nanoparticles, 34 they form core-shell structures, with a PC 61 BM-rich core ,which may inhibit effective photogenerated charge separation and collection, whereas the surfactant-free precipitation method forms nanoparticles that possess a relatively uniform, blended morphology. 35 With the surfactant-stabilized nanoparticle approach, trace amounts of surfactant may remain incorporated in the active material and potentially interfere deleteriously with formation of the bulk-heterojunction, and thus impinge upon device performance and device lifetime. 32 The surfactant-free approach to nanoparticles mitigates these potential issues. In this method, the polymer of choice is dissolved in a "good" solvent and the solution injected, under control, into a "poor" solvent (the non-solvent) so that upon contact with the non-solvent the polymer chains collapse to form spherical-like nanoparticles.
The concentration of the original polymer solution affects the size of the nanoparticles formed.
As the concentration is increased, the number of polymer chains per unit volume is increased, leading to larger nanoparticles. In considering the formation of bulk heterojunction films of donor and acceptor molecules, nanoparticles with the smallest possible diameters are assumed to be preferred for photovoltaic and photoelectrochemical applications in order to minimize the donor and acceptor domain sizes, thereby reducing the exciton diffusion length required to reach the heterojunction interface. Two key variables essential to controlling nanoparticle preparation are: (i) the nature of the solvent and non-solvent, which must be miscible to ensure formation of a homogenous colloidal solution of the polymer; (ii) the concentration of the initial polymer solution, which needs to be low enough so as to form nanoparticles, yet high enough to ensure the colloidal solution formed provides films sufficiently thick so as to be examinable as photocathodes when cast on a substrate. Herein, we report the vacuum-free preparation of high surface area organic photoelectrodes using surfactant-free P3HT:PC 61 BM nanoparticles (NPs) and the subsequent investigation of their morphological and opto-electronic properties.
The influence of these properties on their performance as organic photocathodes, when coupled with a Pt hydrogen evolution catalyst, is investigated and compared to photoelectrodes prepared from solution-cast P3HT:PC 61 BM films. Photoelectrochemistry -A 200 W Xe/Hg lamp (Uhsio America, inc.) was used in combination with a 300-700 nm band pass filter (FSQ-KG3, Newport Corp.) and neutral density filters (Thorlabs Inc.), to achieve 100 mW cm -2 irradiation, as measured using a broadband power meter (841-PE, Newport Corporation) equipped with an Ophir thermal detector head (3A-P-SHV1). A glass photoelectrochemical cell with two large flat windows and five accessory ports was used and the cell configuration was designed to allow irradiation of the polymerelectrolyte interface through the electrolyte. A water filter was placed in front of the electrochemical cell to remove excess heat. Electrochemical measurements were performed using a Pine Bipotentiostat (AFC-BP1). PEC measurements were performed in a 3-electrode configuration using a saturated calomel electrode (SCE) (+0.24 V vs SHE) and a Pt wire as the reference and counter electrodes, respectively. Solutions were purged with nitrogen (Praxair, purity 99.999%) for 1 hour in a glass PEC cell and a positive pressure N 2 blanket maintained in the overhead volume of the cell. For H 2 evolution measurements, the cell was sealed under N 2 in order to avoid the loss of any H 2 in the head space above the working electrode.
Gas Chromatography -The headspace in the electrochemical cell was sampled using a 5 mL syringe, fitted with a gastight valve (Series A-2, VICI Precision Sampling), and analyzed using an Agilent Technologies 6890N GC system equipped with a thermal conductivity detector. A 2.13 m Agilent J&W GC packed column in stainless steel tubing was used (inner diameter 2 mm,
HayeSep N packing material, 60/80 mesh size). Argon was used as a carrier gas at a flow rate of 30 mL min -1 under 46.2 psi.
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Electron Microscopy -Scanning electron microscopy (SEM) was carried out using a Nova NanoSEM electron microscope at an accelerating voltage of 5 kV and a working distance of 5 mm. Films were prepared on ITO as described above and fixed to an aluminum stub using carbon tape (SPI supplies). A secondary electron (SE) detector was used to obtain images of the fine nanostructured features of the nanoparticle electrodes and a back scattered electron (BSE)
detector was used to visualize the Pt nanoparticle catalyst on the nanostructured electrodes. Spectroscopy -UV Absorption spectra were recorded on a Cary 300 Bio UV-visible Spectrophotometer (Agilent Technologies). All solution samples were diluted to an appropriate concentration and measurements were performed in quartz cuvettes. All thin film samples were ~90 nm thick and prepared on ITO-coated glass substrates. Absorption intensities of each spectra were normalized to their respective λ max values. Steady-state fluorescence emission spectra were performed using a PTI Quantamaster spectrofluorometer with a xenon short arc lamp (Ushio Inc.) as the excitation source. All thin film samples were mounted 22.5° normal to the incident light. All spectra were recorded using an excitation wavelength of 515 nm, coinciding with their λ max values as determined by UV-Vis.
Grazing Incidence Small Angle X-ray Scattering -GIWAXS measurements were performed on a SAXSLAB Ganesha 300XL instrument using a photon wavelength of 1.54 Å. Measurements were taken under vacuum at an angle of incidence of 0.16° and the scattered intensity was detected on a Pilatus3 R 300K detector. Data analysis was performed using the saxsgui version 2.15.02 software package.
Dynamic Light Scattering -DLS measurements were performed using a Zetasizer Nano ZS (Malvern Instrument). 1 drop of the nanoparticle dispersion (2.7 mg/mL) was diluted in 2 mL of the appropriate solvent and measurements were performed in plastic cuvettes with a 1 cm path length.
Results and Discussion
Nanoparticle Synthesis
P3HT:PC 61 BM NPs were synthesized via a surfactant-free precipitation method as described above. Various combinations of solvent (in which polymer:fullerene solutions were prepared) and non-solvent (in which the polymer:fullerene solutions were mixed) were investigated in order to study the synergistic effect on both the size of nanoparticles and nature of aggregation of the polymer chains (i.e., crystalline vs. amorphous). Solvents/non-solvents were chosen by considering the solubility data (reported by Machui et al.) 36 of both P3HT and PC 61 BM (Table 1) .
While poor solubility in the non-solvent ensures that the blend of P3HT and PC 61 BM will co-precipitate upon the addition of the P3HT:PC 61 BM solution to the non-solvent, the physical D r a f t 11 properties of both the solvent and non-solvent are important to the formation of NP films.
Employing a solvent which possesses a lower boiling point and higher vapour pressure than the non-solvent ensures that the "good" solvent of the solution evaporates prior to evaporation of the non-solvent during the spin coating process. If the non-solvent evaporates prior to the evaporation of the good solvent, the nanoparticles are at risk of being re-dissolved by residual solvent during spin casting, which may result in P3HT:PC 61 BM more akin to those cast from homogenous solutions. Based on the above criteria, of those listed only CHCl 3 and THF were consider for further use, as o-DCB is not removed prior to the non-solvent during the spin coating process due to its higher boiling point and lower vapor pressure. The physical properties of the non-solvent are equally as important to consider to insure good film formation during the spin coating process.
Although many non-solvents meet the required criteria of low P3HT and PC 61 BM solubility, high boiling point and low vapor pressure, those with very high boiling points and very low volatility D r a f t 12 are not completely removed during the spin casting process, leading to excessively long drying times. For this reason, DMSO, BuOH and water were rejected as non-solvents and not considered further.
In the surfactant-free precipitation method employed, the stability of the nanoparticles in the non-solvent is also important as there is no surfactant to mitigate potential electrostatic interactions between nanoparticle surfaces which could lead to aggregation. It was found that non-solvents possessing more amphiphilic character were able to act as both non-solvent and surfactant, leading to stable nanoparticle dispersions. This was apparent in the series of alcohols where nanoparticles prepared in MeOH aggregated within a few hours, whereas nanoparticles prepared in BuOH were stable over several days. As the alkane chain length of the alcohol is increased, the stability increases due to their increasing amphiphilic nature;
however, boiling point and vapor pressure rapidly increase and decrease, respectively, with higher carbon homologues, rendering alcohols with aliphatic chains longer than propanol impractical for the formation of nanoparticle films.
Characterization of Nanoparticles
Dynamic light scattering (DLS) and transmission electron microscopy (TEM) were used to determine the size of nanoparticles formed. The DLS data shown in figure 3a implies that a distribution of nanoparticle sizes exists in solution with a z-average diameter of 140 nm. TEM images in figure 3b indicate smaller nanoparticle sizes than those obtained by DLS, but a distribution of sizes, nonetheless, with larger nanoparticles having diameters of ~100 nm and smaller nanoparticles having diameters of ~50 nm. DLS measures the hydrodynamic radius, but D r a f t 13 the measurements rely upon Rayleigh scattering, where intensity of Rayleigh scattering scales with the 6 th power of particle diameter. Therefore the presence of larger aggregates skews the average size of the nanoparticles to larger than actual values. 33 As shown in figure 4, UV-Vis absorption spectra of the nanoparticle dispersions exhibit an absorption maximum situated at 515 nm, with a vibronic shoulder at 600 nm. The red shift in the nanoparticle absorption spectra, with respect to the absorption of P3HT dissolved in solution, as well as the existence of a vibronic shoulder are indicative of inter-chain interactions due to π-π stacking. These features suggests that semi-crystalline domains of P3HT are formed during formation of nanoparticles. 26 The absorption spectra of the nanoparticle dispersions possess similar absorption spectra to NP films prepared therefrom, in contrast to films cast from P3HT polymer solutions where significant interchain interactions are absent in solution but evolve during film casting. Comparing the absorption spectra of nanoparticle and polymer solution-cast films, similar absorption maxima are observed, however, the solution-cast film exhibits a weaker vibronic shoulder intensity. Considering the H-aggregate model, 38, 39 it may be concluded that the ratio of aggregated to non-aggregated polymer domains is larger for the nanoparticle film than solution-cast films. However, limitations on over-interpretating the relevance of the H-aggregate model from UV-Vis spectroscopy have recently been raised. as there is no appreciable photocurrent generated in their absence. After deposition of Pt electrocatalysts, however, a cathodic current is observed having an onset potential at ~ 0.0 V (SCE), which is slightly more negative than the reported flat-band potential of P3HT 0.1 V (SCE) in similar solutions. 44 It is not uncommon for the onset potential to appear up to a few hundred D r a f t millivolts more negative than the flat-band potential due to recombination in the space charge layer near flat band potential, charge trapping at surface defects and/or poor charge transfer kinetics which leads to charge accumulation at the surface. 45 Negligible dark currents are observed for both the P3HT:PC 61 BM nanoparticle and P3HT:PC 61 BM solution-cast photocathodes, however, the nanoparticle photoelectrodes exhibit a small dark current at potentials more negative than -0.3 V (SCE) which may be due to electrocatlytic evolution of H 2 at Pt which has been inadvertently deposited onto exposed ITO sites during the Pt deposition Although larger photocurrents are observed at the nanoparticle photoelectrodes compared to their solution-cast film counterparts, it is noted that the increased surface area of the nanoparticle electrodes facilitates a larger quantity of Pt electrocatalyst to be deposited when subjected to identical Pt deposition times under identical conditions. The mass of Pt deposited was calculated using the total charge passed during photoelectrochemical deposition, the details of which are provided in the experimental details, which is a reasonable assumption as the solution had been thoroughly purged with N 2 to remove any dissolved oxygen. For the voltammetric and coulometric curves provided, the loading of Pt catalyst deposited on the nanoparticle and solution-cast electrodes films were 1.11 and 0.21 µg/cm 2 respectively.
Studies of Pt-loading were performed using the solution-cast polymer film electrodes in order to determine the effect of increasing the Pt deposition period. Figure 11 shows LSV and electrolysis curves of solution-cast electrodes for which Pt has been deposited for periods of 100, 250 and 500 seconds. These results show that it is detrimental to extend Pt deposition for long periods of time. As deposition time is extended, the size of the catalyst particles increases 46 , resulting in a decreased catalytic surface area and thus decreased catalytic activity. 47 The dark current observed for electrodes after a deposition period of 500 s is presumably due to the Pt catalyst particles growing large enough to create a short circuit with the underlying ITO substrate. Although the Pt loading at solution-cast electrodes can be D r a f t 19 increased to match that of the NP electrodes, doing so reduces the catalytic surface area, leading to a decrease in performance.
Conclusion
We 
